1. Introduction {#sec1}
===============

The mucus layer in human airways acts as a protective barrier against foreign irritants and is an indispensable primary host defense. Asthma, also referred to as bronchial asthma, is a chronic lung disease caused by inflammation and narrowing of the bronchial tubes. Airway mucus hypersecretion, which induces airway narrowing and disease exacerbation, is a characteristic feature in patients with asthma \[[@bib1],[@bib2]\]. Therefore, the regulation of airway mucus secretion is important for its treatment.

Mucins, which are large, highly glycosylated proteins with tandemly repeating sequences, are the major constituents of airway mucus and are secreted by goblet cells or submucosal glands in the airway epithelia \[[@bib3]\]. Approximately 20 different mucin gene subfamilies have been identified to date. *MUC1*, *MUC2*, *MUC4*, *MUC5AC*, *MUC5B*, *MUC7*, *MUC8*, and *MUC13* are expressed at the messenger RNA level in human airways \[[@bib4]\]. Mucin 5B and mucin 5AC (MUC5AC) are the primary gel-forming mucins in the mucus layer in normal human airways. MUC5AC hypersecretion owing to increased airway mucus is a characteristic feature in patients with asthma \[[@bib5], [@bib6], [@bib7], [@bib8]\].

MUC5AC secretion is regulated by parasympathetic nervous system stimulation \[[@bib9]\]. Several in vitro and in vivo studies have described the regulation of *MUC5AC* expression in human primary airway epithelial cells as a potential therapeutic target in asthma \[[@bib5]\]. Bacterial inflammation, cell--cell adhesion, protein kinase B, and certain flavonoids in human airways induce morphological and proliferative changes in goblet cells in the airway epithelia, which results in airway mucus hypersecretion \[[@bib10], [@bib11], [@bib12]\]. Several proinflammatory cytokines, including interleukins (IL)-1β, IL-6, and IL-17, upregulate *MUC5AC* expression in human primary airway epithelial cells \[[@bib13],[@bib14]\], and the majority of the signals that induce MUC5AC secretion are mediated by the activation of epidermal growth factor (EGF) receptors \[[@bib15],[@bib16]\]. Further, EGF receptors activate the extracellular signal-regulated kinase (ERK) signaling pathway, which results in increased NF-κB and Sp1 transcription factors, followed by *MUC5AC* upregulation \[[@bib17]\]. Akt, also known as protein kinase B, is a serine/threonine kinase that is phosphorylated and activated by the integrin pathway. It plays important roles in numerous cellular functions, such as cell proliferation, cell migration, and gene transcription \[[@bib18],[@bib19]\]. In our previous report, it was shown that Akt induced the downregulation of MUC5AC production and Akt was activated by type IV collagen in the human epithelial cell line NCI--H292 \[[@bib11]\].

In our previous study, certain ECM proteins were reported to be involved in the regulation of MUC5AC secretion. The ECM contains several proteins, such as laminins, fibronectins, and collagens, which provide structural support and regulation to the surrounding cells \[[@bib20], [@bib21], [@bib22], [@bib23], [@bib24]\]. Laminins are involved in the in vivo formation of ECM structure in the basal laminae. Fibronectins are glycoproteins which play a significant role in cell migration. Collagens are the most abundant proteins in the ECM which provide structural support to resident cells, such as human airway epithelial cells. Type IV collagen is abundant in the basement membrane and plays a role in cell--cell communication. We previously reported that MUC5AC secretion was upregulated NCI--H292 cells when cultured in plates coated with laminin, while downregulated when cultured with type IV collagen \[[@bib25]\]. However, the effect of ECM proteins on human primary airway epithelial cells in patients with asthma remains unclear, which resembles its effect on three-dimensional cultured human primary airway epithelial cells.

In this study, the regulation of MUC5AC secretion by ECM proteins in human primary airway epithelial cells was investigated. Our results suggest that type IV collagen downregulates MUC5AC secretion in three-dimensional cultured human primary airway epithelial cells derived from patients with asthma.

2. Experimental procedures {#sec2}
==========================

2.1. Cell culture {#sec2.1}
-----------------

Human airway epithelia consisting of primary epithelial cells, MucilAir (EP03MD, Epithelix Sàrl, Geneva, Switzerland), is a three-dimensional model of differentiated human epithelium. The MucilAir primary cells were maintained according to the manufacturer\'s protocol. In brief, the airway primary cells derived from asthmatic patients were cultured at the air-liquid interface in 700 μL of culture medium in cell culture chambers. The cells were maintained in a 5% CO2 incubator at 37 °C at the air-liquid interface with fresh medium replaced every 3 days. Human airway cancer cell line NCI--H292 was purchased from the American Type Culture Collection (Manassas, VA, USA). NCI--H292 cells were cultured in RPMI-1640 (Sigma-Aldrich, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS, Cansera International, Etobicoke, Ontario, Canada), 100 units/mL of penicillin (Gibco Oriental, Tokyo, Japan), and 100 μg/mL streptomycin (Gibco Oriental) in a 5% CO2 incubator at 37 °C. Adherent cells were subcultured every 3--4 days by treatment with a trypsin--EDTA solution (Gibco Oriental).

2.2. Reagents {#sec2.2}
-------------

Resazurin (Funakoshi, Tokyo, Japan) was prepared as an aqueous stock solution (4 mM) in distilled water, sterilized by membrane filtration, and stored at −20 °C until required. U0126 (Wako, Tokyo, Japan), an inhibitor of the MEK/ERK pathway, was dissolved in 10 mM in dimethylsulfoxide (DMSO).

2.3. Cell proliferation assay {#sec2.3}
-----------------------------

Mucilair, a human lung primary cells, chambers were incubated with 100 μL of 6 μM resazurin for 1 h at 37 °C, and the cell growth was assessed by measuring the absorbance at 570 nm with a microplate spectrophotometer Benchmark plus (BioRad). In NCI--H292 cells, cell proliferation was assessed by a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). NCI--H292 cells (1 × 10^4^ cells in 0.1 mL) were cultured on a 96-well plate (Sumilon, Tokyo, Japan) at 37 °C. The reagent of the kit (0.01 mL) was added to each well, and then the plate was incubated for 2 h at 37 °C. Cell growth was assessed by measuring the absorbance at 450 nm with a microplate spectrophotometer Benchmark plus (BioRad).

2.4. Incubation of cells with ECM proteins {#sec2.4}
------------------------------------------

The ECM proteins were dissolved in phosphate-buffered saline (PBS; 0.01 mM phosphate buffer, 0.138 mM NaCl, 0.0027 mM KCl, pH 7.4) and stored at −80 °C until required. The primary cells were cultured with indicated concentrations of 100 μL each of type IV collagen (Sigma, Tokyo, Japan), fibronectin (Asahi Techno Glass Corp., Tokyo, Japan), and laminin (BD Biosciences, CA, USA) for 6 h at 37 °C, and the NCI--H292 cells were cultured similarly for 30 h at 37 °C. The NCI--H292 cells that were cultured with ECM proteins (33 μg/mL) were incubated for 30 h at 37 °C, which were the conditions used in our previous study \[[@bib25]\].

2.5. MUC5AC mucin protein assay {#sec2.5}
-------------------------------

Mucilair primary cells, human primary cells, were added 100 μL of culture medium which contains ECM proteins for 6 h at 37 °C to its upper phase of overlapped cell layer and culture medium was sampled. NCI--H292 cells were washed once with culture medium and suspended in the medium by means of syringe with a 26G needle to create a single-cell suspension. Diluted cells (1 × 10^4^ cells per 100 μL) were added to the wells of 96-well plate and cultured in 100 μL of culture medium with ECM proteins for 30 h at 37 °C, and culture medium was sampled. A total of 2 μL of the sample was blotted onto an Immobilon membrane (Millipore, Bedford, MA, USA) by Dot Blot Hybridization Manifold (48 wells; SCIE-PLAS, Cambridge, UK). The membrane was treated with 4% skim milk (Gibco Oriental) in 0.1% Tween 20-TBS (TBS-T) for 12 h at 4 °C, and then incubated with mouse anti-human MUC5AC antibody (1:2000 in 4% skim milk, MS145-P1, Thermo Scientific, Kanagawa, Japan) for 1 h. The membrane was washed five times for 5 min each with TBS-T and then incubated with rabbit anti-mouse IgG (H + L) (1:2000 in 4% skim milk, NA931V, GE Healthcare, Buckinghamshire, UK) for 1 h. After being washed five times for 5 min each with TBS-T, enzyme reactions were detected with a Luminata Forte western HRP substrate (WBLUF0500, Millipore) and a Chemidoc image analyzer (Biorad, Tokyo, Japan).

2.6. Inhibition of MEK/ERK {#sec2.6}
--------------------------

U0126 was added to the cell culture medium to a final concentration of 10 μM and cultured for 6 h at 37 °C. The same concentration of DMSO was added to the controls.

2.7. Western blot analysis {#sec2.7}
--------------------------

The treated primary cells cultured in chambers were lysed in a conventional SDS sample buffer (62.5 mM Tris, 10% glycerol, 2% SDS, 0.01% bromophenol blue, pH 6.8). The samples were quantified with XL-Bradford kit (Aproscience, Tokushima, Japan). The 30 μg of samples were electrophoresed on 10% of acrylamide gels with a CM-1005 gel apparatus (Cima Biotech, Tokyo, Japan), and then blotted onto a Hybond ECL nitrocellulose membrane (GE Healthcare) with a Trans blot SD cell (Biorad). The membrane was treated with 4% skim milk (Gibco Oriental) in TBS-T (0.1% tween-20, 150 mM NaCl and 10 mM Tris pH 7.5) for 12 h at 4 °C and then incubated with a rabbit p-ERK 1/2 (Thr 202) (sc-101760, SANTA CRUZ BIOTECHNOLOGY, CA, USA), a mouse total ERK antibody (Sigma, Tokyo, Japan), a rabbit anti-phosphoAkt (Ser 473) antibody (4058, Cell Signaling Technology, Tokyo) or a mouse anti-total Akt (pan) antibody (2920S, Cell Signaling Technology) at a dilution of 1:2000 in 4% skim milk for 12 h at 4 °C. The membrane was washed five times for 5 min each with TBS-T and then incubated with an anti-rabbit IgG conjugated with horseradish peroxidase (W4018, Promega, Madison, WI, USA) or an anti-mouse IgG conjugated with horseradish peroxidase (W4028, Promega) at a dilution of 1:2000 in 4% skim milk for 1 h. After washing the membrane for five times for 5 min each with TBS-T, the enzyme reaction was detected with a Luminata Forte western HRP substrate (WBLUF0500, Millipore) and a Chemidoc image analyzer (Biorad, Tokyo, Japan). After detection, a blot membrane was incubated with Restore Western blot Stripping buffer (21059, Thermo Scientific, Rockford, IL, USA) for 15 min at room temperature with shaking. The membrane was washed five times for 5 min each with TBS-T and then treated with 4% skim milk (Gibco Oriental) in TBS-T for 12 h at 4 °C for reblocking.

2.8. Statistics {#sec2.8}
---------------

Analysis of variance (ANOVA) was used for comparisons among more than two groups. For other statistics, Student\'s t-test was performed. \**p* \< 0.05 was considered significant.

3. Results {#sec3}
==========

3.1. The effects of type IV collagen on MUC5AC secretion in primary cells {#sec3.1}
-------------------------------------------------------------------------

The three-dimensional cultured primary airway epithelial cells from patients with asthma showed constitutive MUC5AC secretion into the culture medium. The incubation of cells with type IV collagen, laminin, and fibronectin for 6 h has no considerable effect on their viability ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Evaluation of cell viability of human primary airway cells and NCI--H292 cell line cultured with type IV collagen, laminin, and fibronectin. Cells were incubated with PBS (CNTL), 500 μg/mL of type IV collagen (Col4), laminin (LM), or fibronectin (FN). The cell viability was analyzed using the cell proliferation assay. A, Human airway primary cells were cultured with ECM proteins for 6 h. Fold changes were based on CNTL level (mean ± SD, n = 6, one-way ANOVA). The representative results of 3 independent experiments are shown. B, NCI--H292 cells (1 × 10^4^ cells/well) were cultured with ECM proteins for 30 h. Fold changes were based on CNTL level (mean ± SD, n = 5, one-way ANOVA). The representative results of 3 independent experiments are shown.Fig. 1

The incubation of cells with type IV collagen induced a statistically significant and dose-dependent reduction in MUC5AC secretion into the culture medium ([Fig. 2](#fig2){ref-type="fig"}A), while the incubation of cells with laminin induced a considerable dose-dependent increase in MUC5AC secretion ([Fig. 3](#fig3){ref-type="fig"}A). However, the incubation of cells with fibronectin did not induce considerable changes in MUC5AC secretion ([Fig. 4](#fig4){ref-type="fig"}A). The MUC5AC secretion from cells incubated with type IV collagen, laminin, and fibronectin showed the same tendency in the NCI--H292 cells ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}B).Fig. 2Evaluation of MUC5AC secretion in human airway primary cells and NCI--H292 cell line cultured with type IV collagen. A, Human airway primary cells were cultured in chambers (six wells) with type IV collagen (0, 33, 200, 500 μg/mL) for 6 h and then the culture medium were collected and sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level of secreted MUC5AC (0 μg/mL of type IV collagen) in medium (mean ± SD, n = 6, one-way ANOVA). The representative results of 3 independent experiments are shown. B, NCI--H292 cells (1 × 10^4^ cells/well) were cultured with 33 μg/mL of type IV collagen for 30 h in 96-well plates and then the culture medium were sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level (0 μg/mL of type IV collagen) of secreted MUC5AC in medium (mean ± SD, n = 5, one-way ANOVA). The representative results of 3 independent experiments are shown.Fig. 2Fig. 3Evaluation of MUC5AC secretion in human airway primary cells and NCI--H292 cell line cultured with laminin. A, Human airway primary cells were cultured in chambers (six wells) with laminin (0, 33, 200, 500 μg/mL) for 6 h and then the culture medium were collected and sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level of MUC5AC (0 μg/mL of laminin) in cells (mean ± SD, n = 6, one-way ANOVA). The representative results of 3 independent experiments are shown. B, NCI--H292 cells (1 × 10^4^ cells/well) were cultured with 33 μg/mL of laminin for 30 h in 96-well plates and then the culture medium were sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level of secreted MUC5AC (0 μg/mL of laminin) in medium (mean ± SD, n = 5, one-way ANOVA). The representative results of 3 independent experiments are shown.Fig. 3Fig. 4Evaluation of MUC5AC secretion in human airway primary cells and NCI--H292 cell line cultured with fibronectin. A, Human airway primary cells were cultured in chambers (six wells) with fibronectin (0, 33, 200, 500 μg/mL) for 6 h and then the culture medium were collected and sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level of secreted MUC5AC (0 μg/mL of fibronectin) in medium (mean ± SD, n = 6, one-way ANOVA). The representative results of 3 independent experiments are shown. B, NCI--H292 cells (1 × 10^4^ cells/well) were cultured with 33 μg/mL of fibronectin for 30 h in 96-well plates and then the culture medium were sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level of secreted MUC5AC (0 μg/mL of fibronectin) in medium (mean ± SD, n = 5, one-way ANOVA). The representative results of 3 independent experiments are shown.Fig. 4

3.2. The effects of repeated addition of low levels of type IV collagen on MUC5AC secretion in primary cells {#sec3.2}
------------------------------------------------------------------------------------------------------------

Reduction in MUC5AC secretion induced by type IV collagen is important in treating asthma. In this study, the cells were repeatedly incubated with a low concentration (33 μg/mL) of type IV collagen, for 6 h per day for 2 weeks, which was insufficient to reduce MUC5AC secretion. This repeated incubation induced a significant reduction in MUC5AC secretion ([Fig. 5](#fig5){ref-type="fig"}).Fig. 5Evaluation of MUC5AC secretion in human airway primary cells which repeatedly cultured in the presence of type IV collagen. Human airway primary cells were cultured in chambers (six wells) with type IV collagen (0, 33, 500 μg/mL) for 6 h per day over a period of two weeks and then culture medium were collected and sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Fold changes were based on control level (0 μg/mL of type IV collagen) of secreted MUC5AC in medium (mean ± SD, n = 6, one-way ANOVA). The representative results of 3 independent experiments are shown.Fig. 5

3.3. ERK and Akt activity in primary cells incubated with type IV collagen {#sec3.3}
--------------------------------------------------------------------------

To identify the pathway resulting in type IV collagen induced reduction in MUC5AC secretion, the activity of ERK, a representative kinase that induces an increase in MUC5AC secretion, was assessed in human primary airway epithelial cells. The amount of MUC5AC secretion was downregulated by U0126, an inhibitor of the mitogen-activated protein kinase (MEK)/ERK pathway ([Fig. 6](#fig6){ref-type="fig"}). This suggested that MUC5AC secretion was dependent on the MEK/ERK pathway in human primary airway epithelial cells. Next, we assessed the activity of ERK and Akt in the primary cells incubated with ECM proteins by measuring ERK activation through Western blot analysis using phospho-specific ERK and phospho-specific Akt antibodies. ERK activity was significantly reduced in cells incubated with type IV collagen compared with that in untreated cells, while there was no considerable change observed in cells incubated with laminin or fibronectin compared with that in untreated cells ([Fig. 7](#fig7){ref-type="fig"}). In contrast, Akt activity also showed no considerable change in cells incubated with type IV collagen, laminin, or fibronectin compared with that in untreated cells ([Fig. 7](#fig7){ref-type="fig"}).Fig. 6Evaluation of MUC5AC secretion in human primary airway epithelial cells cultured with MEK/ERK inhibitor. Human primary airway epithelial cells were cultured with an MEK/ERK inhibitor (10 μ[m]{.smallcaps}: U0126: +) or with the same concentration of DMSO (−) for 6 h and sampled. The samples were analyzed using the mucin protein assay to detect the levels of MUC5AC protein. The representative results of 3 independent experiments are shown. Fold changes were based on control level (0 μg/mL of MEK/ERK inhibitor) of secreted MUC5AC in medium (mean ± SD, n = 6, one-way ANOVA).Fig. 6Fig. 7Evaluation of ERK activity in human primary airway epithelial cells cultured with type IV collagen. Human primary airway epithelial cells were cultured with PBS (CNTL), 500 μg/mL of laminin (LM), fibronectin (FN) or type IV collagen (Col4) for 6 h and sampled. The samples were analyzed using Western blot analysis to detect the levels of phosphorylated and activated form of ERK (p-ERK), total ERK, phosphorylated and activated form of Akt (p-Akt) and β-actin. The representative results of 3 independent experiments are shown. The normalized p-ERK, total ERK, β-actin and p-ERK/β-actin intensities were expressed as fold change in comparison to CNTL considered equal to 1. (mean ± SD, n = 3, one-way ANOVA).Fig. 7

In the NCI--H292 cell line, Akt downregulated MUC5AC production, and its activity increased markedly in cells cultured with type IV collagen. In the primary cells incubated with type IV collagen, the Akt activity remained unchanged compared with that in untreated cells ([Fig. 7](#fig7){ref-type="fig"}).

4. Discussion {#sec4}
=============

The airways in the lungs of patients with asthma overreact to various stimuli, which results in airway narrowing and air flow obstruction. Since bronchial contraction and MUC5AC hypersecretion are two important factors that induce airway narrowing, reduction in MUC5AC secretion is important in treating asthma. In this study, ECM proteins regulated MUC5AC secretion in human primary airway epithelial cells which were derived from patients with asthma and in human lung epithelial cell line NCI--H292 ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}).

The basement membrane of human primary airway epithelial cells contains accumulated ECM proteins, such as type I, III, and IV collagens, fibronectins, and laminins, which are produced from activated myofibroblasts. In patients with asthma, a considerable thickening of the basement membrane has been observed, and ECM proteins are extensively altered \[[@bib26], [@bib27], [@bib28]\]. A mice model of asthma showed increased expression of laminin-1 isoform and laminin-1 receptor in the airways \[[@bib29]\]. In addition, airway smooth muscle cells in patients with asthma showed an increased mass of ECM proteins and altered ECM profiles \[[@bib30],[@bib31]\]. Although considerable changes in ECM proteins in the airway epithelia have been observed in patients with asthma, the relationship between these changes and MUC5AC secretion remained unclear. Our results showed that changes in ECM proteins could regulate MUC5AC secretion in human primary airway epithelial cells and suggested that an increase in type IV collagen or decrease in laminin in the asthmatic airway can cause reduction in MUC5AC secretion in vivo.

Further, our results suggest that type IV collagen induces the downregulation of ERK activity and reduces MUC5AC secretion ([Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}). The activation of ERK by ECM proteins is induced by integrin heterodimers expressed in the cell membrane. As a result, the activity of integrin heterodimers might be downregulated by the addition of type IV collagen, and the downregulation of the ERK signaling pathway relates to the reduction in MUC5AC secretion.

Most of our results with primary cells were similar to those with NCI--H292 cells, with the exception of Akt activity, which remained unchanged with the addition of type IV collagen to primary cells and was activated in NCI--H292 cells ([Fig. 7](#fig7){ref-type="fig"}). However, the direction showing the effect of type IV collagen on cells was completely different. In the experiments with NCI--H292 cells cultured on type IV collagen-coated plates, the effects of type IV collagen come from the cell adhesion surface. In contrast, in the experiments with three-dimensional cultured primary cells, the effects of applied type IV collagen come from the upper phase of the overlapped cell layer, which mimics the surface of the human airway. In the future, to treat patients with asthma, we plan to administer nebulization of type IV collagen. Thus, the determination of the effects of type IV collagen on the airway surface is essential.

Our results suggest that the nebulization of type IV collagen to the apical surface of bronchial tubes could be sufficient to reduce MUC5AC hypersecretion in vivo ([Fig. 8](#fig8){ref-type="fig"}). Further, the repeated addition of low levels of type IV collagen could show cumulative effects and could effectively reduce MUC5AC levels ([Fig. 5](#fig5){ref-type="fig"}). An analysis of the effects of repeated nebulization of low levels of type IV collagen in a mouse model of asthma will be required. Therefore, our results could relate to an effective treatment method to reduce airway mucus secretion through repeated nebulization of low levels of type IV collagen in patients with asthma.Fig. 8Graphical abstract. The addition of type IV collagen to the apical surface of human primary airway epithelial cells downregulate MUC5AC secretion and type IV collagen has cumulative effect on MUC5AC secretion which might work via the ERK signaling pathway.Fig. 8
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